and subsequently across the floor plate, forming axon commissures ( Figure 1A and see also Colamarino and Tessier-Lavigne, 1995). These commissural axons project toward the midline in part because they are attracted by Netrin-1, a long-range chemoattractant secreted by candidate for a midline-derived axonal guidance cue, in the dorsal neural tube, send axons that project toward prompting us to test whether it is responsible for the Netrin-1-independent attractant activity of the floor plate. We show that Shh is indeed an axonal chemoat-
of-function experiments indicate that the Shh signaling mediator Smo is required for the Netrin-1-independent chemoattractant activity of the floor plate and for the normal projection of commissural axons to the floor plate in vivo.
Results
Evidence that a Netrin-1-Independent Attractant Activity of Floor Plate Guides Commissural Axons Netrin-1 is a commissural axon chemoattractant expressed by the floor plate and the periventricular zone of the neural tube and see Figure 1B ) that accumulates in an increasing dorsoventral gradient through the developing spinal cord (T. Kennedy and M.T.L., unpublished data), and is required for normal growth and guidance of these axons and see below). To test whether floor plate-derived activities other than Netrin-1 are important for commissural axon growth to the midline, we took advantage of the fact that Gli2 mutant mice specifically lack floor plate cells yet still show normal patterning of neural progenitors, with the exception of a reduction in the V3 interneurons adjacent to the floor plate (Ding et al., 1998; Matise et al., 1998). We therefore introduced the Gli2 mutation into a Netrin-1 mutant background to examine the consequences of deleting the floor plate in animals lacking Netrin-1. We compared axon trajectories in these double mutants to those in Netrin-1 or Gli2 single mutants using immunohistochemistry with anti-TAG-1 antibodies to visualize a subset of commissural axons as they project to the floor plate. For simplicity, the phrase "commissural neurons" will refer here specifically to TAG-1 ϩ commissural neurons, whose cells bodies are located in the dorsal part of the developing spinal cord.
In wild-type embryos, these axons project ventrally near the edge of the spinal cord until they reach the level of the developing motor column (Figures 1D-1F ). At embryonic day 11.5 (E11.5), most project through the motor column in a directed and highly fasciculated manner toward the ventral midline. As reported pre- We next examined whether Shh signaling is required for highly defasciculated and some project near the edge the Netrin-1-independent attractant activity of the floor of the spinal cord (Figures 1J-1L ; see Figure 7M for plate, using cyclopamine to inhibit Smo. Although cycloquantification). These axons then invade the ventral spipamine had no effect on attraction by wild-type floor nal cord with multiple projections all over the motor plate ( Figures 2P-2S ;Netrin-1 Ϫ/Ϫ double-mutant embryos almost all allele we use is a severe hypomorph rather than a comcommissural axons are foreshortened and fail to invade plete null mutation, and we previously showed that a the ventral spinal cord, with most projecting medially very small amount of residual wild-type Netrin-1 mRNA toward the ventricle, resulting in a severe reduction in and protein is apparently made by the mutant floor plate the number reaching the midline and the absence of a , which might account for the residventral commissure ( Figure 1M-1O In control experiments, we tested the ability of Netrin-1 Ϫ/Ϫ floor plate explants to repattern neural plate stage repressed by low concentrations of Shh in neural plate explants. Expression of HNF-3␤, Isl-1, HB9, and Pax7 (E10) rat spinal cord explants. As expected, these floor plate explants were able to induce expression of Nkx2-2, was unaffected by Shh or by the Netrin-1 Ϫ/Ϫ floor plate tissue ( Figures 5J, 5P , and 5V; 5L, 5R, and 5X; 5M, 5S, Isl-1, and HB9, and to repress expression of Pax7 in younger spinal cord explants ( Figures 5D-5G) . Together, and 5Y; 5N, 5T, and 5Z). Importantly, the expression of Netrin-1 was also unaffected in these assays ( Figure 5I , these results indicate that Shh is unable to repattern spinal cord explants at the stage used for the turning 5O, and 5U). Interestingly, the V3 interneuron marker Nkx2-2 was induced by both control COS cells and by assays (E11). COS cells expressing Shh ( Figures 5K and 5Q , 1996) and in rat activated Smo to the cytoskeleton rearrangements required for growth cone turning has been described to as well (E10; this study), we have found that the older E11 rat spinal cord explants used to assess chemoattractant date. Second, the finding that cyclopamine can almost entirely block the Netrin-1-independent activity of floor activity have apparently lost the competence to be repatterned by Shh, as assessed using a battery of markplate cells strongly implies that this activity is mediated by a member of the Hh family, which are the only known ers of dorsoventral patterning. Of course, such experiments can never rule out possible effects of Shh on activators of Smo. Furthermore, of the three vertebrate Hh proteins, only Shh is made by floor plate cells (or genes that were not examined, even if this seems unlikely. To strengthen the conclusion that Shh is a chemoindeed by any cells in the spinal cord); Desert Hedgehog (Dhh) and Indian Hedgehog (Ihh) are not expressed in attractant, we therefore performed two other kinds of experiments. the vicinity of the spinal cord (Zhang et al., 2001) . Thus, in vitro, the cyclopamine-dependent chemoattractant First, we asked whether Shh can attract growth cones in a dispersed cell assay, where potential indirect effects proteins on commissural axons are reflected in distinct axon outgrowth and axon guidance phenotypes attributare ruled out. We found that Shh can indeed attract able to loss of Netrin-1 or Shh function in vivo, which the growth cones of isolated Xenopus spinal axons in we discuss in turn. culture in a cyclopamine-dependent manner. This result First, the outgrowth-promoting activity of Netrin-1 but proves that Shh, acting via Smo, can function as an not Shh seen in vitro appears to reflect a role for Netrin-1 axonal chemoattractant. It would, of course, be desirin allowing invasion of the ventral spinal cord. In the able to examine effects of Shh on isolated rodent comNetrin-1 knockout mouse, two defects are observed: missural axons, but it has not proven so far possible to many commissural axons are misrouted, and many are develop a turning assay using those axons. As a second foreshortened, failing to enter the ventral spinal cord way of confirming that Shh is acting directly on commis-(Serafini et al., 1996; this study). In contrast, in the Smo sural axons, we sought to block Shh signaling selectively conditional knockouts (interpreted as being defective in in commissural neurons without blocking it in the terrain Shh-mediated chemoattraction), the axons appear to be through which the axons course. It will also be interesting to examine how extensively other morphogens are reused for axon guidance after
